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The microbial communities inhabiting the root in-
terior of healthy plants, as well as the rhizosphere,
which consists of soil particles firmly attached to
roots, engage in symbiotic associations with their
host. To investigate the structural and functional
diversification among these communities, we em-
ployed a combination of 16S rRNA gene profiling
and shotgun metagenome analysis of the microbiota
associated with wild and domesticated accessions
of barley (Hordeum vulgare). Bacterial families Co-
mamonadaceae, Flavobacteriaceae, and Rhizobia-
ceae dominate the barley root-enriched microbiota.
Host genotype has a small, but significant, effect on
the diversity of root-associated bacterial commu-
nities, possibly representing a footprint of barley
domestication. Traits related to pathogenesis, secre-
tion, phage interactions, and nutrientmobilization are
enriched in the barley root-associated microbiota.
Strikingly, protein families assigned to these same
traits showed evidence of positive selection. Our re-
sults indicate that the combined action of microbe-
microbe and host-microbe interactions drives micro-
biota differentiation at the root-soil interface.
INTRODUCTION
Land plants host rich and diverse microbial communities in the
thin layer of soil adhering to the roots, i.e., the rhizosphere, and
within the root tissues, designated rhizosphere and root micro-
biota, respectively (Bulgarelli et al., 2013). Roots secrete a
plethora of photosynthesis-derived organic compounds to the
rhizosphere (Dakora and Phillips, 2002). This process, known
as rhizodeposition, has been proposed as the major mechanism
that enables plants to sustain their microbiota (Jones et al.,
2009). In turn, members of the rhizosphere and root microbiota392 Cell Host & Microbe 17, 392–403, March 11, 2015 ª2015 The Auprovide beneficial services to their host, such as indirect path-
ogen protection and enhanced mineral acquisition from sur-
rounding soil for plant growth (Bulgarelli et al., 2013; Lugtenberg
and Kamilova, 2009). Thus, the dissection of the molecular
mechanisms underlying plant-microbe community associations
at the root-soil interface will be a crucial step toward the rational
exploitation of the microbiota for agricultural purposes. Recent
studies performed using themodel plant Arabidopsis thaliana re-
vealed that the soil type and, to aminor extent, the host genotype
shape root microbiota profiles (Bulgarelli et al., 2012; Lundberg
et al., 2012). The structure of the microbial communities thriving
at the root-soil interface appears to be resilient to host evolu-
tionary changes, as indicated by a largely conserved composi-
tion of the root bacterial microbiota in A. thaliana and related
species that spans 35 Ma of divergence within the family Brassi-
caceae (Schlaeppi et al., 2014). However, it is unclear whether
microbiota divergence is greater in host species belonging to
other plant families and whether the process of domestication,
which gave rise to modern cultivated plants (Abbo et al., 2014)
andwhich cannot be studied inA. thaliana, has left a human foot-
print of selection on crop-associated microbiota.
Barley (Hordeum vulgare) is the fourth-most cultivated cereal
worldwide (Newton et al., 2011) and one of the earliest cereals
consumed by humans, with evidence of presence of wild barley
(Hordeum vulgare ssp. spontaneum) in human diets dating back
to 17,000BC (Kislev et al., 1992). Barley was one of the first plants
subjected to domestication,which culminated10,000 years ago
when the cultivation of domesticated barley (Hordeum vulgare
ssp. vulgare) began in the Fertile Crescent. Anthropic pressure
on barley evolution continued through diversification, which pro-
gressively differentiated early domesticated plants into several
genetically distinct accessions whose area of cultivation radiated
from the Middle East to the rest of the globe (Comadran et al.,
2012). Nowadays, wild and cultivated barley accessions still
coexist, providing an excellent experimental framework to inves-
tigate the structure and the evolution of themicrobiota associated
with a cultivated plant.
Here, we used an amplicon pyrosequencing survey of the bac-
terial 16S rRNA gene and combined it with state-of-the-art meta-
genomics and computational biology approaches to investigatethors
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A Figure 1. The Barley Rhizosphere and Root
Microbiota Are Gated Communities
Average relative abundance (RA ± SEM) of the five
most abundant (A) phyla and (B) families in soil,
rhizosphere, and root samples as revealed by the
16S rRNA gene ribotyping. For each sample type,
the number of replicates is n = 6. Stars indicate
significant enrichment (FDR, p < 0.05) in the
rhizosphere and root samples compared to bulk
soil. Vertical lines denote a simultaneous enrich-
ment of the given taxa in all three barley acces-
sions. Only taxa with a RA > 0.5% in at least one
sample were included in the analysis.the structure and functions of the bacterial microbiota thriving at
the barley root-soil interface. We found evidence for positive se-
lection being exerted on a significant proportion of the proteins
encoded by root-associated microbes, with a bias for cellular
components mediating microbe-plant and microbe-microbe
interactions.
RESULTS
The Structure of the Barley Bacterial Microbiota
We have grown barley accessions in soil substrates collected
from a research field located in Golm, near Berlin (Bulgarelli
et al., 2012), under controlled environmental conditions (Experi-
mental Procedures). We subjected total DNA preparations from
6 bulk soil, 18 rhizosphere, and 18 root samples to selective
amplification of the prokaryotic 16S rRNA gene with PCR
primers encompassing the hypervariable regions V5-V6-V7Cell Host & Microbe 17, 392–40(Schlaeppi et al., 2014), andwe generated
691,822 pyrosequencing reads. After
in silico depletion of error-containing
sequences, and chimeras as well as se-
quencing reads assigned to plant mito-
chondria, we identified 1,374 prokaryotic
operational taxonomic units (OTUs) at
97% sequence similarity (Database S1;
Experimental Procedures).
Taxonomic classification of the OTU-
representative sequences to phylum level
highlighted that Actinobacteria, Bacteroi-
detes, and Proteobacteria largely do-
minate the barley rhizosphere and root
communities, where 88% and 96% of
the pyrosequencing reads, respectively,
were assigned to these three phyla. Of
note, other members of the soil biota,
such as Firmicutes and Chloroflexi, were
virtually excluded from the plant-as-
sociated assemblages (Figure 1). The
enrichment of members of the phylum
Bacteroidetes significantly discriminated
rhizosphere and root samples from bulk
soil samples irrespective of the accession
tested (moderated t test, false discovery
rate-adjusted [FDR], p value < 0.05; Fig-
ure 1) At family level, Comamonadaceae,Flavobacteriaceae, and Rhizobiaceae designated a conserved
barley microbiota whose enrichment differentiated the rhizo-
sphere and root communities from bulk soil irrespective of the
accessions tested (moderated t test, FDR, p < 0.05; Figure 1).
Of note, the enrichment of a fourth family, Oxalobacteraceae,
also significantly discriminated between root samples and
unplanted soil in wild, landrace, and modern accessions
(moderated t test, FDR < 0.05; Figure 1). Taken together, these
results highlight a shift in community composition at the barley
root-soil interface, which progressively differentiated the rhizo-
sphere and root bacterial assemblages from the surrounding
soil biota.
To gain insights into the richness of the barley microbiota we
compared the total number of observed OTUs, Chao1, and the
Shannon diversity indices of the communities retrieved from
bulk soil and plant-associated microhabitats. All the indices
revealed a significant reduction of the bacterial richness and3, March 11, 2015 ª2015 The Authors 393
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Figure 2. Constrained Principal Coordinate Analysis on the Soil and
Barley Bacterial Microbiota
(A) Variation between samples in Bray-Curtis distances constrained by
microhabitat (22% of the overall variance; p < 5.00E2) and (B) by accession
(5.7% of the overall variance; p < 5.00E2). In both panels, triangles corre-
spond to rhizosphere and circles to root samples. The percentage of variation
explained by each axis refers to the fraction of the total variance of the data
explained by the constrained factor. In (B) soil samples were not included.diversity in the root samples (TukeyHSD, p < 0.05; Figure S1),
while the rhizosphere microbiota displayed an intermediate
composition between soil and root samples (Figure S1).394 Cell Host & Microbe 17, 392–403, March 11, 2015 ª2015 The AuTo elucidate whether the composition of the bacterial commu-
nities correlated or was independent of the sample type and
the host genotype, we used the OTU count data to construct
dissimilarity matrices with the UniFrac (Lozupone et al., 2011)
and Bray-Curtis metrics. We applied a previously used relative
abundances threshold (0.5%; Bulgarelli et al., 2012) to focus
our analysis on PCR-reproducible OTUs. Permutational multi-
variate ANOVA based on distance matrices (ADONIS) revealed
a marked contribution of the microhabitat (Bray-Curtis R2 =
0.11584; R2 Unweighted Unifrac R2 = 0.08851, p < 0.05) as
well as phylogenetic-dependent contributions of the host geno-
type to the composition of the barley microbiota (Weighted
Unifrac R2 = 0.24427; R2 Unweighted Unifrac R2 = 0.15262,
p < 0.05). We used a canonical analysis of principal coordinates
(CAP; Anderson and Willis, 2003) to better quantify the influence
of these factors on the beta diversity. CAP analysis constrained
by the environmental variables of interest revealed that the
microhabitat explained 22% of the variance (p < 0.005; 95%
confidence interval = 17%, 30%). Consistently, we observed a
clear separation between plant-associated microhabitats and
bulk soil samples followed by segregation of the rhizosphere
and root samples (Figure 2A).
The host genotype alone could explain 5.7% of the overall
variance of the data, and the constrained ordination showed a
clear clustering of the samples corresponding to the wild, land-
race, and modern accessions (Figure 2B). This proportion of
the variation, albeit small, was found significant by permuta-
tion-based ANOVA (p < 0.005; Figure 2). Further exploration of
these analyses revealed that the OTUs with the largest contribu-
tion to both constrained ordinations had a distinct taxonomic
membership, mostly belonging to the phyla Proteobacteria and
Bacteroidetes, and could explain most of the observed variation
among microhabitats and genotypes (Figure S2A). Bootstrap-
ping analysis of the constrained ordination (Experimental Proce-
dures) indicated that the significance of the observed genotype
effect could not be attributed to any individual OTUs. Only after
randomly permuting the abundances of the 83 OTUs with the
largest contribution (72.23% and 65.67% of the root and rhizo-
sphere communities, respectively), the statistical significance
was lost (Figure S2C). Consistently, CAP analyses generated
using weighted UniFrac distance matrix, sensitive to OTU phylo-
genetic affiliations and OTU relative abundances, further sup-
ported the observed differentiation of the barley microbiota
(Figure S2B). However, transformations based on unweighted
UniFrac distance, which is sensitive to unique taxa, but not to
OTU relative abundances, showed a drastic reduction of the
variance explained by the microhabitat and failed to identify a
significant host-genotype-dependent effect on the barley micro-
biota (Figure S2B). Together, these results further support the
hypothesis that the barley rhizosphere and root are two micro-
habitats colonized by communities with taxonomically distinct
profiles, which emerge from the soil biota through progressive
differentiation.
To identify bacteria responsible for the diversification between
the two root-associated microhabitats we employed a linear
model analysis (Supplemental Experimental Procedures) to
determine bacterial OTUs significantly enriched in root and
rhizosphere compared to unplanted soil. With this approach
we identified three distinct bacterial sub-communities thrivingthors
AB
C
Figure 3. OTU Enrichment at the Barley Root/Soil Interface
Ternary plots of all OTUs detected in the data set with RA > 0.5% in at least one
sample in (A) Hordeum vulgare ssp. spontaneum, (B) H. vulgare ssp. vulgare
Landrace, and (C) H. vulgare ssp. vulgareModern. Each circle represents one
OTU. The size of each circle represents its relative abundance (weighted
Cell Hosat the root-soil interface (Figure 3; Database S1). One sub-com-
munity, designated Root_OTUs, was defined by bacteria sig-
nificantly enriched in the root samples and discriminating this
sample type from bulk soil.Root_OTUs accounted for the largest
fraction of the bacteria enriched in the barley microbiota in
the wild and modern accessions (Database S1). A second
sub-community was defined by bacteria enriched in both the
rhizosphere and root samples and discriminating these samples
from the bulk soil. This second sub-community, designated
RR_OTUs, represented the largest fraction of the barley micro-
biota retrieved from the landrace accession (Database S1).
Finally, a third sub-community defined by the bacteria discrimi-
nating the rhizosphere samples from bulk soil was identified.
This sub-community, designated Rhizo_OTUs, represented the
minor fraction of the barley microbiota irrespective of the acces-
sion tested (Database S1). Consistent with the constrained
ordinations, taxonomic affiliations of the OTU-representative
sequences assigned to RR_OTUs and Root_OTUs were largely
represented by Bacteroidetes and Proteobacteria members
(Database S1). We previously demonstrated that the root micro-
biota of the model plant Arabidopsis thaliana is dominated by
members of Actinobacteria, Bacteroidetes, and Proteobacteria
(Bulgarelli et al., 2012). We took advantage of the similar exper-
imental platform used for the barley and Arabidopsis surveys,
including the same soil type, to compare the bacterial microbiota
retrieved from these monocotyledonous and dicotyledonous
hosts. First, we re-processed the A. thaliana data set using
exactly the same analysis pipeline we employed in the present
study. Taxonomic classification using the representative se-
quences of the OTUs enriched in the root microbiota of barley
and A. thaliana (Figure 4) revealed a similar taxonomic composi-
tion, with few bacterial taxa belonging to a limited number
of bacterial families from different phyla, including members
of Comamonadaceae, Flavobacteriaceae, Oxalobacteraceae,
Rhizobiaceae, and Xanthomonadaceae. Notably, this analysis
also revealed clear differences between the two host species.
In particular, the enrichment in root samples of the families
Pseudomonadaceae, Streptomycetaceae, and Thermomono-
sporaceae differentiated the Arabidopsis root-associated com-
munities from barley. Conversely, the enrichment of members
of the Microbacteriaceae family appears to be a distinctive
feature of the barley root microbiota in the tested conditions.
Excluding these qualitative differences, we found a very high
correlation between the two sub-communities (0.90 Pearson
correlation coefficient, p = 0.005).
The Barley Rhizosphere Microbiome
To gain further insights into the significance of the marked barley
rhizosphere effect detected by the 16S rRNA gene survey, we
reasoned that, unlike roots, where DNA is mostly plant derived,
DNA isolated from the rhizosphere should mainly originateaverage). The position of each circle is determined by the contribution of the
indicated compartments to the total relative abundance. Dark blue circles
mark OTUs significantly enriched in the root microhabitat (Root_OTUs, FDR,
p < 0.05), magenta circles mark OTUs significantly enriched in the rhizosphere
microhabitat (Rhizo_OTUs, FDR, p < 0.05), and cyan circles mark OTUs
significantly enriched in both microhabitats (RR OTUs, FDR, p < 0.05).
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Figure 4. Taxonomic Representation of the
Barley and Arabidopsis Root-Enriched Bac-
terial Taxa
The tree represents a subset of the NCBI taxon-
omy containing all OTUs found to be enriched in
the barley and Arabidopsis root samples with
respect to soil. The branches of the tree do not
reflect evolutionary distances. The position of the
dots corresponds to the taxonomic placement of
each OTU-representative sequence in the taxon-
omy. The size of the dots illustrates the aggregated
relative abundance of all OTUs assigned to a given
taxon (log scale). OTUs enriched in Arabidopsis
roots are depicted in red, whereas Barley root
OTUs are shown in blue. Note that the relative
abundance of each subset of root-enriched taxa
with respect to its respective root community
varies (Barley root OTUs, 45.44%; Arabidopsis
root enriched OTUs, 59.02%).from microbes, and we used the same rhizosphere DNA pre-
parations for independent Illumina shotgun sequencing. We
obtained two metagenome samples per host genotype, each
corresponding to a different soil batch (Table S2) and generated
an average of 75 million 100-bp paired-end reads per sample,
adding up to a total of 44.90 Gb of sequence data. We then
assembled the filtered reads of each sample independently us-
ing SOAPdenovo (Heger and Holm, 2000; Experimental Proce-
dures). Despite the heterogeneity of the data, an average of
69.85% of the reads per sample were assembled into contigs
(Table S2).
The partially assembled metagenome sequences (including
unassembled singleton reads) were taxonomically classified
with taxator-tk (Dro¨ge et al., 2014), a tool for the taxonomic
assignment of shotgun metagenomes (Experimental Proce-
dures). Relative abundances were calculated by mapping the
reads back to the assembled contigs and determining the num-
ber of reads assigned to each taxon. In total, 27.35% of all reads
were assigned at least to the domain level. Of those, 94.04% and
0.054% corresponded to Bacteria and Archaea, respectively,
and 5.90% to Eukaryotes (Database S1).396 Cell Host & Microbe 17, 392–403, March 11, 2015 ª2015 The AuthorsComparison of SSU rRNA Genes
and Metagenome Taxonomic
Abundance Estimates
The availability of barley rhizosphere 16S
rRNA gene amplicon and shotgun meta-
genome data provided an opportunity to
compare both data sets. Toward this
end, we classified the OTU-representa-
tive sequences onto the NCBI reference
database (Sayers et al., 2009). This al-
lowed us to cross-reference the relative
abundances of each taxonomic bin from
the rhizosphere metagenome with each
OTU from the 16S rRNA gene analysis us-
ing the NCBI taxonomy and to directly
compare the results of the two ap-
proaches (Figure 5). The analysis of the
metagenome samples revealed the pres-ence of Archaea (0.058% relative abundance) in the rhizosphere
microhabitat, as well as members of bacterial phyla whose pres-
ence we did not detect in our 16S rRNA gene analysis, such as
the Cyanobacteria (0.024% relative abundance). Our results
also indicated an overrepresentation for Beta- and Gammapro-
teobacteria in the 16S rRNA gene taxonomic profiling, represent-
ing 10.12% and 9.64% of the whole community, respectively,
compared with 7.73% and 5.50% as found in the metagenome
samples. These quantitative differences can be at least partially
attributed to the fact that Beta- and Gammaproteobacteria
possess multiple ribosomal RNA operon copies (Case et al.,
2007). The observed differences in detected taxa can further-
more be explained by known biases of 16S rRNA gene primers,
in particular, the 799F primer was designed to avoid contamina-
tion from chloroplast 16S sequences, a side effect of which is a
strong bias against Cyanobacteria (Chelius and Triplett, 2001).
We further assessed the variability in abundance estimates for
bacterial taxa which could be detected in both analyses
(excluding Cyanobacteria) and found several discrepancies,
despite the overall high correlation (0.86 Pearson coefficient;
p < 1.75E12). The largest differences were found in taxonomic
Figure 5. Comparison of 16S rRNA Amplicon and Metagenome Abundances
The tree represents the NCBI taxonomy for all taxonomically classified OTUs from the rhizosphere samples of the 16S rRNA survey as well as all metagenome
bins, resolved down to the order rank. The branches of the tree do not reflect evolutionary distances. The position of the dots in the tree corresponds to the
taxonomic placement of the representative sequences in the NCBI taxonomy. The size of the dots illustrates the average relative abundances per sample of each
taxa (log scale). Blue dots represent abundances as found in the shotgun metagenome classification, red dots correspond to abundances from the 16S rRNA
amplicon data, and green depicts an overlap.groups for which 16S rRNA gene pyrotagging was reported to be
either biased or lacking in resolution, due to either copy number
variation or primer biases, especially for soil bacteria belonging
to Chloroflexi, Deltaproteobacteria, and Bacteroidetes (Hong
et al., 2009; Klindworth et al., 2013).
The taxonomic classification of fragments of 16S rRNA
genes found in the metagenome shotgun reads allowed us
to calculate the relative abundances of bacterial taxa not
affected by primer biases. We found a high correlation be-
tween the results obtained for the two different 16S rRNA
gene data sets (Figure 5; 0.89 Pearson correlation coefficient;
p < 21.55E14), indicating that the negative impact of the
799F primer bias on the beta-diversity estimates for the barley
rhizosphere is only marginal, further validating the results re-
ported above.
We also retrieved and analyzed 18S rRNA sequences
following the same approach, which allowed us to compare eu-
karyotic and bacterial abundances in a quantifiable way. We
found an increase in the relative abundance of eukaryotes
(11.06%) when comparing 16S and 18S sequences relative
to the estimate obtained from taxonomically classifying the
metagenome sequences (5.90%), which could be partially ex-Cell Hosplained by the high number and variability of rRNA operon
copy number in eukaryotes (Amaral-Zettler et al., 2009).
Furthermore, we were able to characterize the relative abun-
dances of the major taxonomic groups found in the rhizosphere
(Figure S3), revealing that fungi constitute the most abundant
eukaryotic phylum in the barley rhizosphere (33.31% of all
Eukaryotes).
Enrichment of Biological Functions in Root- and
Rhizosphere-Associated Bacterial Taxa
The 16S rRNA gene survey revealed a clear dichotomy between
the taxonomic composition of soil and root bacterial commu-
nities, a differentiation which, in barley, starts in the rhizo-
sphere. Furthermore, a large fraction of bacterial taxa enriched
in roots (Root_OTUs) was also enriched in the rhizosphere rela-
tive to unplanted soil (designated RR_OTUs). To determine if
this differentiation process is linked to specific biological func-
tions, we identified and annotated protein coding sequences
(Experimental Procedures) and tested whether particular
biological traits were significantly enriched in family-level taxo-
nomic bins corresponding to RR_OTUs (containing 29.51%
of all annotated protein coding sequences) with respect tot & Microbe 17, 392–403, March 11, 2015 ª2015 The Authors 397
Table 1. Biological Functions in Root- and Rhizosphere-
Associated Bacterial Taxa
Functional Category p Valuea
Protein secretion system type III 0.0013
Adhesion 0.0014
Regulation of virulence 0.0024
Siderophores 0.0024
Secretion 0.0072
Transposable elements 0.0177
Periplasmic stress 0.0188
Sugar phosphotransferase systems 0.0251
Bacteriophage integration excision lysogeny 0.0346
Invasion and intracellular resistance 0.0346
Protein secretion system type VI 0.0379
Detoxification 0.0379
Functional categories significantly enriched in taxonomic bins corre-
sponding to RR_OTUs found in the barley rhizosphere metagenome.
aCalculated using a Mann-Whitney test, controlling for false discovery
rate (FDR).soil-associated bins, i.e., bins corresponding to OTUs which
were not enriched in the root or in the rhizosphere (57.86% of
the annotated sequences). Genes found in contigs that could
not be taxonomically assigned, as well as those assigned to
Cyanobacteria (12.81% of the total), were not included in this
analysis.
We identified 12 functional categories which were significantly
enriched in root and rhizosphere bacterial taxa (Table 1). These
correspond to traits likely important for the survival or adaptation
in the root-associated microhabitats, such as adhesion, stress
response, and secretion. Importantly, categories relating to
host-pathogen interactions (type III secretion system T3SS,
regulation of virulence, invasion, and intracellular resistance) as
well as microbe-microbe interactions (type VI secretion system;
T6SS) and microbe-phage interactions (transposable elements,
bacteriophage integration) were also significantly enriched.
Interestingly, root- and rhizosphere-associated taxa were also
significantly enriched in protein families related to iron mobiliza-
tion (siderophore production) and sugar transport (sugar phos-
photransferase systems).
To further assess the ecological significance of these func-
tional enrichments, we performed a comparison with functional
representation in sequenced isolates. We retrieved and analyzed
1,233 genomes from the NCBI database (Experimental Proce-
dures; Supplemental Information) belonging to the soil- and
root-associated bacterial taxa found in the barley rhizosphere
and performed the same enrichment tests. We found only one
functional category to be significantly enriched in the root-asso-
ciated taxa with respect to the soil background taxa, namely, the
T3SS (p = 0.044).
Positive Selection in the Barley Rhizosphere
To gain further insights on the molecular mechanisms driving
the functional diversification of the barley rhizosphere micro-
biota, the gene families identified in the assembled barley
metagenome were annotated based on matches to TIGRFAM398 Cell Host & Microbe 17, 392–403, March 11, 2015 ª2015 The Au(Haft et al., 2013) hidden Markov models (HMMs; Experi-
mental Procedures), and we calculated, for each TIGRFAM,
the ratio between the number of nonsynonymous (Dn) and
synonymous (Ds) changes, a proxy for evolutionary pressure.
Our analyses showed that 9% of the gene families had on
average significantly higher Dn values and lower Ds values
than the mean value calculated over all annotated sequences
(one-sided Fisher test, FDR < 0.05), suggesting that they have
been under positive (diversifying) selection. Interestingly, a
closer investigation of these gene families revealed that
positive selection signatures markedly characterize diverse
proteins involved in pathogen-host interactions, including
bacterial secretion, as well as proteins essential for phage de-
fense (Figures 6A and S5). Strikingly, these proteins encode
for a subset of the functions enriched in RR_OTUs and
Root_OTUs (Table 1). Furthermore, we determined that
10.66% (115) of protein families encoded by the barley meta-
genome displayed a Dn/Ds ratio significantly greater than the
metagenome mean Dn/Ds value in at least one of the barley
genotypes tested (Table S3).
Of note, we identified significant signs of positive selection
for a component of the T3SS, which is found in most Gram-
negative bacteria and is used to suppress plant immune re-
sponses (Cornelis and Van Gijsegem, 2000; Table S6). Our
findings are in line with previous studies, which reported evi-
dence of positive selection for T3SS components in the bacte-
rial phytopathogens Pseudomonas syringae (Guttman et al.,
2006) and Xanthomonas campestris (Weber and Koebnik,
2006). Furthermore, we detected positive selection for compo-
nents of the T6SS, a contact-dependent transport system
mediating microbe-microbe interactions (Table S4; Russell
et al., 2014). In particular, we found the forkhead-associated
(FHA) domain to be under strong positive selection. This
domain is a phosphopeptide recognition domain embedded
in diverse bacterial regulatory proteins, which control various
cellular processes including pathogenic and symbiotic interac-
tions (Durocher and Jackson, 2002).
Microbial Elicitors and Effectors of Plant Immunity
under Positive Selection
One branch of the plant immune system recognizes and is acti-
vated by a variety of evolutionary conserved microbial epitopes,
designated microbe-associated molecular patterns (MAMPs)
(Boller and Felix, 2009). The co-evolutionary arms race between
the plant host andmicrobial pathogens leads to reciprocal selec-
tive pressure for the interacting proteins to change. To avoid acti-
vation of plant defenses, phytopathogens have evolved different
mechanisms such as the diversifying evolution of elicitor epi-
topes by mutation or reassortment, and the injection of strain-
specific pathogen effector proteins into host cells to intercept
intracellular immune signaling (Shames and Finlay, 2012).
To identify putative elicitors of plant immune responses at the
root-soil interface, we searched for genes that contained clusters
of residues under positive selection using a sliding window
approach (Figure 6B; Experimental Procedures). A total of 56 pu-
tative elicitors of plant immune responses were previously iden-
tified in the genomes of six plant pathogenic and a soil-dwelling
bacterium using a similar approach (McCann et al., 2012).
Remarkably, we found a semantic overlap of nine protein familiesthors
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Figure 6. Proteins under Selection in the Barley Rhizosphere Microbiome
(A) Top-ranking protein families under positive selection with significantly increased Dn/Ds statistic. The distribution at the top shows the density function over all
protein families smoothed with a Gaussian kernel function. The green bar indicates the averageDn/Ds over all the samples, the blue bar the averageDn/Ds for
all TIGFRAMS annotated with the term ‘‘patho’’ and/or ‘‘secretion.’’ The boxplot shows the distribution of the Dn/Ds across all samples for the top 50 ranked
TIGRFAM families under positive selection, with families sorted by their medianDn/Ds in descending order. TIGRFAMs annotated with ‘‘repeat’’ or with a mean
repetitive value of more than 50% were discarded.
(B) Sequence clusters of residues under positive selection in selected protein families. Top: dots indicateDn/Ds for a given position in the protein sequence, and
their color corresponds to the proportion of gaps in the multiple sequence alignment (MSA). Gray-shaded areas indicate significant clusters of residues under
positive selection. Gray-shaded horizontal lines indicate repetitive elements. Bottom: Jensen-Shannon divergence as a function of the positions in the MSA.under selection in the barley rhizosphere microbiome (Table S5).
For example, the GGDEF domain, a previously reported putative
bacterial elicitor, essential for motility and biofilm formation
(Simm et al., 2004), was under positive selection in the rhizo-
sphere of the wild accession (p = 0.027). Of the protein families
that had a Dn/Ds ratio significantly higher than the mean,
85.3% had such clusters, whereas they were found in only
34.9% of all detected protein families (p < 2.2 E16, one-sided
Fisher’s exact test). On average, we found 0.66 ± 1.54 (SD) clus-
ters for each protein family, which spanned 4.0% ± 7.9% (SD) of
their amino acid sequence among all families. For the protein
families already shown to exhibit significant signatures of positive
selection, an average of 6.7 ± 9.0 (SD) clusters were detected.
Furthermore, we identified by de novo prediction 16 putative
polymorphic type III secreted effector proteins (T3SEs), of which
30% were under positive selection (Experimental Procedures;
Table S6). In addition, 31.5% of these candidate effector pro-
teins contained an average of 5.2 ± 9.8 (SD) clusters of residues
under positive selection. This shows that, in the barley rhizo-
sphere microbiota, highly polymorphic bacterial protein families,
some of which are known to function in the suppression of plantCell Hosimmune responses, have similar footprints of positive selection
as the evolutionary conserved MAMPs (McCann et al., 2012).
Positive Selection Acting on Phages and CRISPR
Systems
Interestingly, in our Dn/Ds analysis we found that endoribonu-
clease gene cas2 was under strong positive selection. This
gene is associatedwith the clustered, regularly interspaced short
palindromic repeat (CRISPR) system, a defense mechanism
composed of an array of repeats with dyad symmetry separated
by spacer sequences, which, together with a set of CRISPR-
associated (CAS) genes, provides protection against phages in
Bacteria and Archaea (Westra et al., 2014). In particular, Cas2
participates in the acquisition of new spacers (Barrangou et al.,
2007), indicating that the ability to develop resistance to new
phages might be an important trait for the bacterial community
of the barley rhizosphere (Figure 6B). The enrichment of func-
tional categories related to interactions with bacterial phages in
RR_OTUs (Table 1) further supports this notion. In addition, we
found that the coding sequences of bacteriophage tail and
head morphogenesis genes were under positive selection. Thet & Microbe 17, 392–403, March 11, 2015 ª2015 The Authors 399
phage tail serves as a channel for the delivery of the phage DNA
from the phage head into the cytoplasm of the bacteria. Thus, in-
teractions between bacteria and their phages might have
contributed to the positive selection on both the CRISPR-cas
adaptive immune system of bacteria and on a subset of the
bacteriophage proteins observed in the barley rhizosphere.
DISCUSSION
Here, we characterized the rhizosphere and the root microbiota
of soil-grown wild, traditional, and modern accessions of barley
using a pyrosequencing survey of the 16S rRNA gene. This re-
vealed that the enrichment of members of the families Comamo-
nadaceae, Flavobacteriaceae, and Rhizobiaceae and the virtual
exclusion of members of the phyla Firmicutes and Chloroflexi
differentiate rhizosphere and root assemblages from the sur-
rounding soil biota. This microbiota diversification begins in the
rhizosphere, where a marked initial community shift occurs,
and continues in the root tissues by additional differentiation,
leading to the establishment of a community inside roots, which
is more distinct from the surrounding soil biota.
A comparison to the root and rhizosphere microbial assem-
blages retrieved from the distantly related dicotyledonous plants
Arabidopsis thaliana and A. thaliana relatives (Bulgarelli et al.,
2012; Lundberg et al., 2012; Schlaeppi et al., 2014) revealed
both striking differences as well as common features. First, we
detected in each of the three tested barley genotypes a marked
‘‘rhizosphere effect,’’ i.e., a structural and phylogenetic diver-
sification of thismicrohabitat from the surrounding soil biota (Fig-
ure 3), which we failed to detect in previous studies of A. thaliana
and A. thaliana relatives (Bulgarelli et al., 2012; Schlaeppi et al.,
2014). Second, taxonomic classification using the representative
sequences of the OTUs enriched in the root microbiota of mono-
cotyledonous barley and dicotyledonous A. thaliana, grown in
the same soil type, revealed a similar enrichment pattern,
although some clear differences were identified (Figure 4). On
the basis of our study, the enrichment of members of the families
Pseudomonadaceae, Streptomycetaceae, and Thermomono-
sporacea in root samples of Arabidopsis is not seen in barley.
Consistently, recent cultivation-independent surveys of the
rhizosphere of field-grown maize (Peiffer et al., 2013) and wheat
(Turner et al., 2013), two grasses like barley, also revealed almost
no enrichment of the aforementioned two actinobacterial taxa.
By contrast, enrichment of members of the Microbacteriaceae
family appears to be a distinct feature of the barley root micro-
biota. This suggests the existence of host lineage-specific mo-
lecular cues contributing to the differentiation of the root-associ-
ated microbiota from the surrounding soil type-dependent
bacterial start inoculum. However, the overall conserved micro-
biota composition in the roots of the monocot barley and the
dicot Arabidopsis, which diverged 200 Ma, could be indicative
of an ancient plant trait that preceded the emergence of flower-
ing plants. Alternatively, but not mutually exclusive, the con-
served microbiota composition might indicate that microbe-
microbe interactions serve as a dominant structuring force of
the root microbiota in flowering plants.
Our results revealed also a host-genotype-dependent stratifi-
cation of both the barley root and rhizosphere microbiota (Fig-
ure 2B). The host influence on the microbiota profiles is limited,400 Cell Host & Microbe 17, 392–403, March 11, 2015 ª2015 The Ausince 5.7% of the variance can be explained by the factor
host genotype and is entirely quantitative. Notably, the host ge-
notype effect is manifested by variations in the abundance of
many OTUs from diverse phyla, rather than by single OTUs.
Re-analysis of root microbiota abundance data from three
A. thaliana ecotypes (Schlaeppi et al., 2014), generated with
the same 16S rRNA gene primers and using the same computa-
tional approach, failed to detect a significant ecotype-depen-
dent effect. By contrast, our results from barley are congruent
with a recent investigation of the rhizosphere microbiota of 27
field-grown modern maize inbreds (Peiffer et al., 2013). This
study reported a similar proportion of variation attributed to
the host genotype (5.0%–7.7% using unweighted or weighted
UniFrac distances, respectively) and also a lack of individual
bacterial taxa predictive for a given host genotype. Bouffaud
and co-workers reported a stratification of themaize rhizosphere
microbiota reflecting the major genetic groups emerged during
maize diversification, rather than their genetic distance (Bouf-
faud et al., 2012). These results concur with our findings of
accession-dependent microbiota differentiation (Figure 2B)
owing to the fact that the tested wild, landrace, and modern ac-
cessions represent three distinct phases of the domestication
and diversification history of barley (Meyer et al., 2012).
The availability of barley rhizosphere microbiome sequences
prompted us to compare the taxonomic classification generated
by shotgun DNA sequencing without PCR amplification with the
16S rRNA gene amplicon profiles. This allowed us to determine
the presence of microorganisms whose presence cannot be
estimated using the 16S rRNA gene primers we have adopted,
such as Protists, Fungi, and Archaea. Furthermore, the use of as-
sembly as an intermediate step to improve taxonomic classifica-
tion of reads and abundance estimates is likely to introduce
biases which are not fully understood. In order to assess this ef-
fect we retrieved marker genes from the unassembled metage-
nome reads to be analyzed and used as a control. Correlation
tests between the abundance estimates for bacterial taxa ob-
tained with the two methods (0.86 Pearson correlation coeffi-
cient; p < 1.75E12) indicated that known 16S primer biases,
differential ribosomal operon copy number, as well as assembly
biases have a minor, but notable, impact on the analysis of beta-
diversity, further underlining the importance of using comple-
mentary methods for the study of microbial diversity.
Strikingly, we found that Bacteria dominate the annotated
barley rhizosphere, whereas the relative abundance of Eukary-
otes accounted for only a small fraction. A recent study employing
metatranscriptomics to estimate microbial abundances reported
a 5-fold higher abundance of Eukaryotes in the oat and pea rhizo-
sphere (16.6% and 20.7%, respectively) compared to that of
wheat (3.3%) (Turner et al., 2013). However, since bothmetatran-
scriptome and metagenome abundance estimates are based on
taxonomic classification using a reference-based method, data-
base-related biases likely play a role in this apparent skew in
the community in favor of bacterial taxa. Analysis of 18S rRNA se-
quences found in the shotgun reads revealed an increased rela-
tive abundance of Eukaryotes compared to the results obtained
for the metagenome data (11.06%and 5.9%, respectively). How-
ever, given the large variation in rRNA operon copy number in
eukaryotic genomes, abundance estimates based on 18S read
counts are likely to be inflated. We conclude that further studies,thors
combining alternative markers such as the 18S rRNA gene or in-
ternal transcribed spacers (ITSs), targeting broader microbial
communities (e.g., Fungi and Oomycetes), are needed to better
estimate the phylogenetic composition of the microbiota thriving
at the root-soil interface.
Combining our findings from the 16S rRNA gene survey, i.e.,
that some bacterial taxa are significantly enriched in root and
rhizosphere samples with respect to soil (RR_OTUs), together
with the functional analyses of the rhizosphere metagenome,
we were able to map functions to root- and soil-associated
taxa. Functional categories significantly enriched in root and
rhizosphere (Table 1) corresponded to important traits for the
survival and adaptation in these microhabitats, as well as traits
related to microbe-microbe interactions and microbe-phage
interactions. Importantly, several functions appeared to be rele-
vant for interactions with the host (pathogenic as well as mutual-
istic), such as the T3SS, regulation of virulence, siderophore
production, sugar transport, secretion, invasion, and intracellular
resistance, further supporting the hypothesis that the presence
of the host plant triggers a functional diversification in the rhizo-
sphere. This is congruent with the observations that plants,
through the release of photosynthesis-derived organic com-
pounds into soil (Dakora and Phillips, 2002), canmodify the phys-
ical, chemical, and biological properties of the rhizosphere to
enhance the acquisition of important resources such as water
and minerals (McCully, 1999). The growth of barley, like other
graminaceous monocotyledons, relies on the secretion and sub-
sequent reuptake of iron-chelating phytosiderophores for the
acquisition of scarcely mobile iron ions from soil (Jeong and
Guerinot, 2009). Therefore, the observed enrichment of bacte-
rium-derived siderophores in the barley-associated microbial
communities indicates that the combined action of microbiota-
and host-derived siderophores maximizes the mobilization
and bioavailability of the soil-borne iron micronutrient in the
rhizosphere.
Out of the 12 categories found to be significantly enriched in
the root-associated metagenome bins, only the T3SS was also
detected as enriched when we analyzed sequenced isolates.
This suggests that the T3SS is a relevant feature of root-associ-
ated bacterial taxa in general, whereas the remaining enriched
functions detected only by analysis of the metagenome data
(Table 1) could correspond to environment-specific features.
Analyzing the coding sequences found in the metagenome
data, we observed strong positive selection in proteins that are
known to directly interact with the plant host, such as the bacte-
rial T3SS and other outer surface proteins, which might be
related to plant-pathogen interactions and secretion (Figure 6).
These signs of positive selection are evidence of plant-microbe
co-evolution in the rhizosphere and suggest that host-microbe
and microbe-microbe interactions exist in these natural commu-
nity systems that are reminiscent of the arms race co-evolution
model established for binary plant-pathogen interactions.
Thus, our findings predict that the innate immune system of
plants contributes to the selection of bacterial community struc-
ture as early as at the root-soil interface. Interestingly, it has been
recently noted that balanced polymorphism of resistance genes
in A. thaliana is maintained in the population through complex
community-wide interactions encompassing many pathogen
species (Karasov et al., 2014). The substantial number of proteinCell Hosfamilies and the overall scale of positive selection which we iden-
tified indicate that metagenomic data are a sensitive tool for
studying microevolution within natural environments. However,
caution must be exercised when interpreting signatures of pos-
itive selection in this context, where the interplay between
numerous species, including pathogens, mutualists, and com-
mensals, creates a much more complex system than described
by current models of co-evolution.
Previous comparative genomic studies of bacterial CAS genes
surprisingly indicated no signs of positive selection, which was
attributed to the additional roles of these genes in transcriptional
regulation (Takeuchi et al., 2012). A high SNP density, indicative
of positive selection, was also found for the CAS proteins csy1
and cse2 in metagenome samples of human gut microbiomes
(Schloissnig et al., 2013). The strong signs of positive selection
that cas2, one of the three essential proteins of the CRISPR sys-
tem, exhibited in the barley rhizosphere, along with the positive
selection identified for a subset of phage proteins, indicates
that natural community systems might allow a more sensitive
detection of such effects compared to comparative studies of
a relatively small number of isolates. The role of the cas2 gene
in the acquisition of resistance to new phages might be of partic-
ular importance in a metabolically active and proliferating bacte-
rial community, such as the rhizosphere microbiota (Ofek et al.,
2014), which represents an ideal substrate for bacteriophage in-
fections. Alternatively, the cas2 gene product could be an elicitor
of MAMP-triggered immunity in the host, which preferentially tar-
gets indispensable, evolutionary conserved, and broadly distrib-
uted microbial epitopes, such as flagellin or EF-Tu (McCann
et al., 2012). Thus, the positive selection on CAS genes might
simultaneously reflect the pressure exerted by bacteriophages
and the host on members of the root-associated microbiota.
The observed overlap of bacterial traits under diversifying
selection in the rhizosphere and those found tobe significantly en-
riched inRR_OTUs provides direct and independent evidence for
thecontributionof host-microbe interactions in theselectionof the
root-associated bacterial microbiota from the surrounding soil
biota (e.g., T3SS, virulence regulation and pathogenicity, sidero-
phore production, sugar uptake). Our findings imply that the
host innate immune system as well as the supply and demand
of functions of root metabolism are relevant host factors for bac-
terial recruitment. In addition, both the analysis of the metage-
nomedata (e.g., enrichmentofT6SS)and theexistenceofa largely
conservedphylogeneticpattern in the root-enrichedbacterial taxa
in barley and A. thaliana (Figure 4) imply that microbe-microbe in-
teractions are also a driving force in the taxonomic differentiation
of the root-associated bacterial assemblages. Thus, collectively,
our results point toward a model in which the integrated action
ofmicrobe-microbe and host-microbe interactions drives rootmi-
crobiota establishment through specific physiological processes
from the surrounding soil biota.
EXPERIMENTAL PROCEDURES
Experimental Design
Surface-sterilized seeds of barley genotypes Morex, Rum, and HID369
were sown onto pots filled with experimental soil collected at the Max Planck
Institute of Molecular Plant Physiology, Potsdam, in September 2010 and
September 2011. For each accession we organized three biological replicates
and repeated the entire experiment using two different samplings of soilt & Microbe 17, 392–403, March 11, 2015 ª2015 The Authors 401
substrate (Table S1). At early stem elongation we excavated the plants from
the soil and detached the root systems from the stems. We employed a com-
bination of washing and ultrasound treatments to simultaneously separate the
rhizosphere fraction from the roots and enrich for root endophytes. In parallel,
bulk soil controls, i.e., pots filled with the same soil and exposed to the same
environmental conditions as the plant-containing pots, were processed.
16S Data Analysis
16S rRNA gene sequences were subjected to demultiplexing, quality filtering,
dereplication, abundance sorting, OTU clustering, and chimera identification
using UPARSE pipeline (Edgar, 2013). Briefly, after removal of barcode and
primer sequences, reads were truncated to a length of 290 bp, and only reads
with a quality score Q > 15 and no ambiguous baseswere retained for the anal-
ysis. Chimeras were identified using the ‘‘gold’’ reference database (http://
drive5.com/uchime/gold.fa), and OTUs were defined at 97% sequence iden-
tity. OTU-representative sequences were taxonomically classified using the
RDP classifier (Wang et al., 2007) trained on the Greengenes reference data-
base. The resulting OTU table was used to determine taxonomic relative abun-
dances and subsequent statistical analyses of alpha- and beta-diversity (see
Supplemental Experimental Procedures).
Metagenome Data Analysis
Paired-end Illumina reads were subjected to trimming, filtering, and quality
control using a combination of custom scripts and the CLC Workbench
v5.5.1 and assembled using SOAPdenovo (Heger and Holm, 2000). A small
fraction of the partially assembled metagenome samples (on average 3.02%
of the reads) was mapped to the annotated barley genomic sequences, and
the corresponding contigs or singleton reads were removed (Table S2; Sup-
plemental Experimental Procedures). We used taxator-tk (Dro¨ge et al., 2014)
to taxonomically classify the partially assembled metagenome sequences
(including unassembled singleton reads) using the NCBI database as a refer-
ence. Coding sequences were predicted using MetaGeneMark (Zhu et al.,
2010) and annotated using matches to HMM (HMMER v3.0) profiles to the
TIGRFAM (Haft et al., 2013) and PFAM (Punta et al., 2012) databases as well
as a k-mer-based matching using the SEED (Edwards et al., 2012) API and
server scripts. To test for a significant enrichment of functional categories in
the root-associated bins relative to the remaining bins, we assumed a corre-
spondence at the family level between metagenome bins and root- and rhizo-
sphere-enriched OTUs (RR_OTUs) of these families found in the amplicon
survey. To search for signatures of positive selection we first employed
HMMER to obtain multiple sequence alignments (MSAs) of orthologous se-
quences found in the metagenome samples. From each MSA, we calculated
neighbor-joining trees and used them to infer Ds and Dn changes. Clusters
of residues with significant signs of positive selection were calculated using
a sliding window approach. A detailed description of the methods and tools
used for the analysis of the metagenome is available in the Supplemental
Experimental Procedures.
ACCESSION NUMBERS
The sequences generated in the barley pyrosequencing survey and the raw and
assembled metagenomics reads reported in this study are deposited in the
European Nucleotide Archive (ENA) under the accession number PRJEB5860.
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